Introduction {#Sec1}
============

Terrestrial ecosystems consist of aboveground and belowground subsystems that contain a vast number of species interacting at various spatial and temporal scales. In recent years, a growing body of empirical studies has shown that aboveground--belowground interactions have important consequences for community organisation and ecosystem processes. Several reviews have already analysed specific types of aboveground--belowground interactions, such as between belowground decomposers and aboveground invertebrate (Scheu [@CR111]; Bonkowski [@CR24]), and vertebrate herbivores (Bardgett and Wardle [@CR9]), aboveground and belowground insect herbivores (Masters et al. [@CR87]), mycorrhizal fungi and insects (Gange and Brown [@CR51]), and aboveground--belowground multitrophic interactions (Van der Putten et al. [@CR122]). However, the complexity of possible interactions between aboveground and belowground species, their interactions with the abiotic environment and their variations in spatial and temporal scales at which they operate, is enormous (Wardle [@CR132]).

The previous reviews have clearly set the concepts; however, theory that predicts the outcome and consequences of aboveground--belowground interactions is still in its infancy. The concept of aboveground--belowground ecology assumes that plants, aboveground biota and soil biota are all part of one system, in which aboveground and belowground individuals, populations and communities influence each other. Abiotic environmental conditions influence the local biotic interactions, which in turn change the abiotic conditions, creating aboveground--belowground feedback effects that work out as changes in ecosystems. Including belowground interactions is not only a matter of enhancing the number of interactions, because they also take place at different spatial and temporal scales. For example, vertebrate herbivores explore areas exceeding the size of 1 ha within a day, whereas most soil organisms do not explore more than 1 m^2^ in their life time. Moreover, the legacy effect of plant roots on the soil, due to the poor dispersal capacity and long survival of many soil organisms, have substantial effects on the outcome of aboveground interactions.

There are generally two approaches taken in studies on aboveground--belowground interactions. The first is the primary producer approach, which considers how roots and shoots, aboveground and belowground herbivores, pathogens and symbionts, their predators and the predators of the predators interact. The interactions can be direct, or indirect, via changes in aboveground and belowground primary plant compounds (Masters and Brown [@CR86]) and via secondary, defensive, compounds (Van der Putten et al. [@CR122]). The second is the detritus approach which considers how dead organic material (detritus), microbial decomposers, detritivores, microbivorous organisms and predators interact (Wardle [@CR132]). The decomposition of the detritus, which mainly takes place belowground, has major consequences for plant nutrition, and feeds back to plant interactions with herbivores, pathogens, symbionts and their natural enemies both aboveground and belowground. Various reviews have proposed mixtures of these two approaches (Scheu [@CR111]; Wardle et al. [@CR133]), often focusing on subsets of all possible interactions, such as between aboveground herbivory and soil decomposer organisms (Bardgett et al. [@CR10]; Bardgett and Wardle [@CR9]).

To date, almost all aboveground--belowground interaction studies have been carried out from an empirical perspective. The parameter space that has been explored is still limited, because experimental testing of all possible interactions would require many detailed case-specific studies. Modelling approaches, which could identify essential interactions on which empirical efforts can then be targeted, are still in their infancy (Schröter et al. [@CR113]; Bennett and Bever [@CR14]). The aim of our review is to identify opportunities for combining future empirical studies with modelling approaches that could enhance our conceptual understanding and predictive capacity. These approaches may range from conceptual and graphical models to more predictive models including process- and individual-based models with and without explicit consideration of spatial relationships (Table [1](#Tab1){ref-type="table"}). These modelling approaches offer a great potential for expansion of their current contribution to aboveground--belowground ecology in combination with empirical data, for example with respect to their ability to capture the complexity and scale-dependence of aboveground--belowground interactions (Table [1](#Tab1){ref-type="table"}). Such a combined approach has been successful in other areas, for example in understanding how bottom--up and top--down interactions in food webs may vary both in direction and in strength (Moore et al. [@CR91]).Table 1Overview of model types that have been used to model aboveground--belowground interactions, and the possible contribution of these types of models to empirical studies on aboveground--belowground ecologyAboveground--belowground model typeBrief description of model structure(Potential) Contribution to empirical aboveground--belowground (AG--BG) ecologyConceptual models^a^Often displayed as a schematic diagram showing the processes and relationships that connect the individual components of a systemProvide the appropriate level of detail that is needed in empirical studies that address a related research questionGraphical models^b,c^One or more graphs indicating how a process rate or the strength of a relationship changes over a range of system conditionsIdentification of key relationships that induce positive and negative feedbacks within an AG--BG systemProcess-based models^d,e,f^For each individual component of the system (state variable), the processes and relationships that affect the component are mathematically defined. This yields for each state variable an equation (differential equation) that describes how this state variable changes over timeProvide hypotheses how an AG--BG system responds to changes in environmental conditionsProvide hypotheses how an AG--BG system responds to changes in the community composition (i.e. removal or introduction of species)Provide a means to assess emergent properties of the ecosystem level that are difficult to measure directly (e.g. system stability that arises through non-random patterning of interaction strengths)Spatially implicit process-based models^g,h^A type of process-based models that distinguishes global state variables affecting all model components from local or regional state variables that only affect a smaller-scale subsystemSimilar hypotheses-formulating function as for other process-based models. The implicit consideration of space, however, may lead to predictions that differ from non-spatial process-based models, e.g. predictions of resource limitation and coexistenceSpatially explicit reaction--diffusion models^i^The model system is divided into an arbitrary number of spatial units (grid cells). A process-based model is defined for each grid cell. Through spatial processes, there can be exchange of matter, species and energy between grid cells. A grid cell, however, is only a means to make the system discrete, and has no ecological meaningEnables predictions of spread and movement of species through landscapes. Importantly, the enormous variation of spatial scales of processes in AG--BG systems can be accounted for in the predictionsSpatially explicit cellular automata models^j^Similar to reaction--diffusion models, except that a grid cell in a cellular automaton model does have an ecological meaning (e.g. a spot that can be colonised by one plant). Therefore, the model can also include rules that describe how the state of a grid cell depends on the state of neighbouring grid cellsSimilar to reaction--diffusion models. Through the explicit consideration of the scale of individuals, this type of models may be particularly useful to explore the process of introduction and establishment of new species in an AG--BG community (e.g. succession, invasion or outbreak of a disease)Individual-based models^k^Equation- or rule-based models in which population- or community-level patterns emerge from interactions and adaptive behaviour of individual organisms whose individual properties such as body size affect the modelled processesSimilar to process-based models, with the additional benefit of capturing the potentially complex AG--BG interactions at the biologically realistic level of individual organismsExamples of model studies that have been applied to aboveground--belowground research questions:^a^Schröter et al. ([@CR113])^b^Rietkerk and Van de Koppel ([@CR105])^c^Holmgren et al. ([@CR62])^d^De Ruiter et al. ([@CR46])^e^Bever ([@CR15])^f^Moore et al. ([@CR92])^g^Huston and DeAngelis ([@CR64])^h^Loreau ([@CR80])^i^Levine et al. ([@CR78])^j^Bonanomi et al. ([@CR23])^k^Meyer et al. ([@CR89])

To explore how aboveground--belowground interactions may depend on plant species traits and environmental conditions, we focus initially on natural succession, where traits and environmental conditions vary both within and between stages of ecosystem development. Then, we consider three other areas where, in our opinion, considerable progress could be made by adopting an aboveground--belowground interaction approach: crop protection in agriculture, biological invasions, and global climate change.

Aboveground--belowground interactions and succession {#Sec2}
====================================================

Drivers of primary and secondary succession {#Sec3}
-------------------------------------------

Succession is the change in composition of natural vegetation over time, and the processes of colonisation, facilitation, competition, senescence and replacement determine the rate and direction of succession (Walker and Chapin [@CR129]; Walker and del Moral [@CR130]). It is well established that these processes are strongly regulated by abiotic environmental conditions, such as soil disturbance, moisture availability, pH and nutrient availability. However, the role of biotic interactions in plant succession, especially how biotic interactions between plants, aboveground and belowground organisms work out into plant species replacement, is less well understood. For instance, while succession has been studied for more than a century, major questions remain about the role of facilitation and inhibition processes in vegetation community dynamics (Brooker et al. [@CR27]) and the predictability of changes in the rate and direction of succession (Connell and Slatyer [@CR39]; Walker and del Moral [@CR130]). Even less is known about the combined contribution of aboveground and belowground biotic interactions to succession, the interaction between primary producers, herbivores, decomposer organisms and predators, and how the outcomes of these interactions are altered by changes in the abiotic environment as succession proceeds.

Primary succession starts on bare soil with sparse vegetation cover of ruderal species with fast growth-rate and high investment in reproduction for dispersal (Grime [@CR52]; Walker and del Moral [@CR130]). Initially, soil food webs are very simple, being composed of simple heterotrophic microbial communities (Bardgett et al. [@CR11]) and photosynthetic and nitrogen-fixing bacteria (Schmidt et al. [@CR112]), developing towards more complex, fungal-based food webs over time (Bardgett and Walker [@CR8]; Neutel et al. [@CR94]). In contrast, secondary succession usually starts with relatively high soil organic matter content and nutrient availability, a well-developed seed bank and soil food web, and fast-growing, weedy plant species that are more limited by light than by nutrients (Tilman [@CR117]).

Traditionally, when explaining drivers of succession the focus has been on abiotic environmental factors. At large spatial and long temporal scales, abiotic conditions such as changes in pH, soil organic matter and nutrient availability, and shifts in light availability, generally correlate well with gradients in vegetation composition (e.g. Olff et al. ([@CR95])). However, at shorter temporal scales of months to decades, successional patterns may be better explained by interactions between plants, aboveground and belowground biota (Veblen [@CR127]).

In many cases where managed and natural terrestrial ecosystems are exposed to vertebrate herbivores, such as voles, rabbits, avian and large mammal grazers, grazing retards vegetation succession by selectively suppressing late successional plant species (Van der Wal et al. [@CR123]; Bardgett and Wardle [@CR9]). Otherwise, grazers may promote dominant plant species that benefit from herbivory, for example through compensatory growth (Augustine and McNaughton [@CR4]), or accelerate succession by selective feeding on earlier successional, palatable and nutrient-rich plant species (Cates and Orians [@CR35]; Pastor et al. [@CR98]; Ritchie et al. [@CR106]). The influences of herbivorous insects on vegetation succession vary with successional type, successional stage and between the aboveground and belowground community interactions. For example, aboveground insect herbivory slowed down primary succession and ecosystem development on post-eruption Mount St. Helens by selectively suppressing lupins (Fagan and Bishop [@CR50]), and aboveground herbivorous beetles delayed primary succession on sand dunes by reducing the performance of woody species (Bach [@CR6]).

While little is known about the role of belowground insect herbivory in primary succession, its role in secondary succession is better known. In pioneering succession experiments in the southern UK, where Brown and Gange ([@CR28], [@CR29], [@CR30]) used selective insecticides to exclude both aboveground and belowground insects from early and later secondary succession stage grasslands. Their results suggest that aboveground insect herbivory slows down secondary succession by preventing perennial grass development, whereas root-feeding insects enhance early secondary succession by reducing early succession annual forbs (Brown and Gange [@CR29]). A field exclusion experiment in Germany also revealed a driving role of belowground insects, whereas excluding aboveground insects did not affect plant species replacement (Schädler et al. [@CR110]). A mesocosm addition experiment in The Netherlands showed that belowground nematodes, wireworms and microarthropods enhanced the replacement of early by later secondary succession plant species (De Deyn et al. [@CR45]).

Microbial pathogens and endophytic fungal symbionts may enhance or slow down both primary and secondary succession (Van der Putten et al. [@CR121]; Clay and Holah [@CR37]). Although mycorrhizal communities vary along successional trajectories (Johnson et al. [@CR67]), few studies have actually quantified the importance of these symbiotic associations (Hart et al. [@CR57]). However, soil feedback studies along a secondary chronosequence suggested that the proportional roles of pathogens and arbuscular mycorrhizal fungi in net plant--soil feedback effects could change over the course of succession (Kardol et al. [@CR70]). Although plant--microbe interactions are rarely considered from the perspective of aboveground--belowground interactions, they have clear potential to indirectly influence interactions between plant species, as well as between plants, herbivores, pollinators, or detritivores (Hines et al. [@CR61]).

Modelling succession {#Sec4}
--------------------

As far as we know, there is no quantitative model yet operative that includes aboveground--belowground interactions between plants and higher trophic level organisms in primary or secondary succession. There are some conceptual models that place the role of biotic interactions as drivers of succession in a spatial or temporal context, but most of these models focus on one subsystem, either aboveground or belowground, at a time. For example, a conceptual model suggests that aboveground herbivorous insects retard succession from earlier stages to intermediate stages dominated by grasses, shrubs and pioneer trees, but that they enhance succession from intermediate stages to permanent trees (Davidson [@CR42]). This model assumes that intermediate stages of succession are subject to high herbivore pressure, but ignores the very early stages of succession.

Stage shifts also occur below the ground and conceptual models vary in their predictions. A belowground conceptual model proposed by Reynolds et al. ([@CR103]) suggested that positive plant--soil feedbacks dominate in early succession, thereby explaining how early successional plants may colonise relatively harsh environments. Indeed, many early succession plant species are mycorrhizal; however, some empirical studies point at negative feedback from the soil community in early stages of primary (Van der Putten et al. [@CR121]) and secondary succession (Brown and Gange [@CR30]; Kardol et al. [@CR70]). Therefore, stage shifts may rather vary from negative to positive plant--soil feedback, as proposed in a conceptual plant--soil feedback succession model (Van der Putten [@CR120]). In that case, negative plant--soil feedback promotes replacement of early successional species by plant species that are more tolerant of the root herbivores and pathogens accumulating in the root zone of their predecessors.

The conceptual model of Brown and Gange ([@CR30]) includes aboveground--belowground interactions in early stages of secondary succession. This model argues that changes in plant community composition are due to selective feeding by insect herbivores, highlighting that plant--plant interactions can be altered by both aboveground and belowground interactions simultaneously. These results now have to be used to further develop the existing conceptual succession models into more predictive models taking a process- or individual-based approach (Table [1](#Tab1){ref-type="table"}); to date, a few process-based models have been used to study belowground effects on plant competition and, consequently, on succession (Bever [@CR15]; Bonanomi et al. [@CR23]; Eppinga et al. [@CR48]). Besides linking aboveground to belowground interactions, future predictive models should also account for trophic level interactions higher than herbivores or pathogens (Van der Putten et al. [@CR122]) and effects of nutrient availability (Johnson et al. [@CR68]), because these conditions determine the interaction strengths between plants and their enemies. This would help to understand why and at what temporal scales negative feedbacks may turn into positive feedbacks and vice versa and how this contributes to spatial variation in the composition of species and their traits in ecosystems.

Taking a reaction--diffusion modelling approach (Table [1](#Tab1){ref-type="table"}), Fagan and Bishop ([@CR50]) argue that aboveground herbivores slow down vegetation succession, but they do not include driver effects of, for example, belowground herbivores. Such succession models could be used as a start to examine if and how positive and negative controls aboveground and belowground may vary depending on the abiotic properties of the environment. However, new conceptual and predictive models are needed to help exploring the patterns of trait combinations and their spatial variations that do occur in nature. Such trait-based models could be used, for example, to identify how aboveground and belowground switches from driving to slowing down the rate of succession may depend on changing status in soil fertility and soil pH.

The synchronously operating effects of facilitation and inhibition (i.e. competition) are difficult to disentangle in empirical approaches. Predictive aboveground--belowground models may help to assess the possible outcomes of empirical studies by extrapolation in order to understand how individual or local interactions may work out in space and time. These models will enhance our insight into how progress of succession can be enhanced or slowed down by herbivores, pathogens, symbionts, decomposer organisms and predators across scales that cannot easily be dealt with by ecological experiments. Most likely, effects of facilitation and inhibition change dynamically over time and need to be considered in conjunction with other biotic and abiotic processes (Callaway and Walker [@CR32]). For example, on a flood plain in Alaska, nitrogen-fixing alder trees (*Alnus incana*) facilitate nitrogen supply for spruce (*Picea glauca*), but shading by alder prevents spruce establishment (Walker and Chapin [@CR129]).

Aboveground and belowground insect herbivores, pathogens and other plant enemies do not only affect plant performance and community structure, but may also interact with each other via changes in host plant quality (e.g. Moran and Whitham [@CR93]; Masters et al. [@CR87]) and changes in the composition of plant communities (Bezemer et al. [@CR18]). However, ultimately, the question is whether these biotic interactions only enhance or delay future processes (Jefferies et al. [@CR66]), or drive plant communities towards completely different states. Plant quality affects consumers of living as well as of dead plant tissues (Hättenschwiler et al. [@CR58]), and is indirectly altered by associations with symbiotic microbes. For example, North American grasslands with endophytic fungi produced more aboveground biomass and inhibited forest development when compared to grassland plots without the fungal endophytes (Rudgers et al. [@CR107]). These endophytes have very little biomass, but they can strongly control the state of an ecosystem and the flows of nutrients. Such microbial components receive little attention in models that quantify fluxes and flows, whereas they are important drivers of states and processes.

In fact, models should not only address the direct contribution of, for example, fungi to material fluxes, but also the way in which the fungi influence plant productivity and plant quality. The development of such models should be accompanied by empirical studies on the mechanisms underlying the interactions between the fungi and plants. Thus far, the very few predictive models that analyse nutrient cycling in relation to successional position do not take into account the biotic factors (e.g. pathogens or herbivores) that drive short-term changes in plant community composition. On the other hand, models focusing on biotic interactions should include abiotic conditions. For example, fertile soils support fast-growing, poorly defended plants that have low levels of direct defences and low levels of symbiotic associations, whereas infertile sites will have well-defended, slow-growing plants that depend strongly on symbionts for resource acquisition. Combining these approaches may provide more insight into how changing species composition along successional gradients could be a prerequisite, or a consequence of, nutrient cycling and soil development (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Aboveground and belowground interactions between an earlier (*left*) and later (*right*) successional plant, their herbivores, symbionts (in this case, endophytes and mycorrhizal fungi), their predators and top predators. *Closed lines* indicate direct interactions and interrupted interactions are indirect; *thick lines* indicate strong interactions and *thin lines* weak. *Long arrows* indicate strong effects on the rate of succession, and *short arrows* weak; the direction implies driving (*arrow* pointing to the *right*), or slowing down (*arrow* to the *left*) of succession. *Coarse interrupted lines* relate to the early succession species; *fine interrupted lines* relate to the successor plant; a *coarse/fine interrupted line* relates to both plant species. In the case of the aboveground and belowground herbivores, we only produced an example that had stronger effects on the early than on the later successional plant species. The decomposer subsystem responds relatively slowly when compared to the herbivores and symbionts and will generally promote succession. This simplification of reality may help to explore boundary conditions where net positive effects turn into net negative effects

Extending the aboveground--belowground interactions concept to other areas {#Sec5}
==========================================================================

Three key areas of considerable current importance are: (1) improving sustainability of agricultural crop and grassland systems; (2) understanding and combatting biological invasions; and (3) predicting the consequences of global climate change on ecosystem properties. Here, we review evidence and discuss how a more conceptual consideration based on our knowledge of succession sequences may enhance our explanatory and predictive capacity.

Agro-ecosystems {#Sec6}
---------------

Most major food crops, such as cereals, rice and sugar beet, have characteristics of early successional, short-lived, fast-growing plant species (Harlan [@CR56]). Aboveground and belowground pathogens and insects, as well as viruses, root-feeding and stem nematodes are major pests in agricultural crops. The proposed trade-off between growth and defence (Herms and Mattson [@CR60]), which might explain the susceptibility of early successional plant species, would also contribute to the susceptibility of crops for enemy attack. Breeding for high yield and good taste, as well as growing crops as single species in conditions with high fertility and ample water supply, enhance crop sensitivity to natural enemies even further.

Integrated biocontrol of the densities of pest organisms in crop systems has become of increasing importance as a tool for plant protection (Bale et al. [@CR7]). Field margins and perennial landscape elements are key factors for maintaining populations of natural enemies of aboveground pest organisms (Tscharntke et al. [@CR118]). However, control of belowground enemies, especially of low mobile pathogenic microbes and root-feeding nematodes, relies mainly on crop rotation and on local interactions between crop enemies and their antagonists. These soil-borne antagonists build up locally, instead of being recruited from the surrounding landscape (Kerry and Crump [@CR71]; Weller et al. [@CR135]). Very few crop protection studies have taken an integrated aboveground--belowground approach, and we are not aware of any conceptual or predictive models that combine these different aboveground and belowground scales. In light of the differences in spatial scales at which these aboveground and belowground crop protection measures operate, models should contain an explicit spatial dimension (Table [1](#Tab1){ref-type="table"}).

Some studies have shown that, for example, root-feeding nematodes reduce aphid reproduction by altered bottom--up and top--down control (Sell and Kuo-Sell [@CR114]; Bezemer et al. [@CR17]), suggesting that highly effective control of belowground plant enemies may enhance crop sensitivity to aboveground enemies. Decomposers on the other hand stimulate aphid numbers and pathogen attack in controlled conditions (Bonkowski et al. [@CR25]; Wurst et al. [@CR137]), and in the field (Poveda et al. [@CR101]). Aphids can also influence soil microbial community composition by inducing changes in plant tissue nutrient content (e.g. carbon and phosphorus), and hence microbial resource quality (Bjørnlund et al. [@CR20]). Thus, aboveground and belowground species may control each other reciprocally, but these interactions can be easily over-ruled by changing abiotic environmental conditions (Haase et al. [@CR54]). Predictive modelling could help to explore the different spatial and temporal dimensions of such interactions, as the abundance of nematodes and decomposer organisms depend on long-term local population dynamics influenced by crop rotation. The population dynamics of the aphids and their natural enemies, on the other hand, depend on the composition of field margins and suitable hosts in the landscape surrounding the fields, where they stay over winter and survive on alternative hosts. In such conditions, aboveground--belowground interactions require spatial and temporal dimensions that can be explored more easily by process- or individual-based models than by replicated experiments.

For decades, agronomists have examined effects of plant nutrition on susceptibility of crops for pests and pathogens. The mineral balance hypothesis states that the susceptibility of a crop depends on both absolute levels and ratios of nutrients (Phelan et al. [@CR99]). Increased tissue nitrogen concentrations in crop plants due to N-fertilisation is positively correlated with aphid and mite numbers, although this does not necessarily lead to overall yield reduction (Altieri and Nicholls [@CR3]). In long-term field trials, organic agriculture gave 20% less yield than conventional agriculture, whereas 97% less insecticides were used (Mäder et al. [@CR83]). Reduced insect pressure may have been due to altered plant nutrition, but also because altered belowground decomposer communities promote aboveground aphid control by enhancing the abundance of generalist predators (Birkhofer et al. [@CR19]).

Soil organic matter addition may also maintain predator populations in pre-crop phases by prey subsidies (Bell et al. [@CR12]). The effectiveness of such measures may depend on, or may influence, aboveground pest control by aboveground predators that are subsidised in field margins or other surrounding landscape elements. Weighing costs and benefits of these measures alone, or in combination, could be much easier achieved through ecological--economical modelling than by experiments. In any case, models could be developed to identify potential key parameters that may be further studied by more targetted experiments.

In grasslands, foliar herbivores and root herbivores influence plant performance via feedback with soil organisms, mediated by altering patterns of root turnover and exudation (Hamilton and Frank [@CR55]; Ayres et al. [@CR5]). In intensive production grasslands, the effects of belowground herbivory become evident when renewing old stands by re-sowing (Dawson et al. [@CR44]). In those cases, young seedlings are maximally exposed to the accumulated root herbivores and soil-borne pathogens, causing establishment problems at best or complete failures at worst. Improving soil fertility or water availability has only very limited effect on these re-sowing diseases. Aboveground, pests and pathogens play an important role in grassland management, but probably far less than in arable crops.

Modelling is widely applied in agriculture and grassland management aiming at optimising management in terms of fertiliser use, timing pesticide application, selecting crop rotations, determining effects of grazing on belowground processes and their feedback effects to productivity, as well as forecasting effects of climate change. Some models may combine nutrient management with pest management in crop systems, but there is clearly a challenge to develop models that explicitly include multiple aboveground and belowground pests and diseases, to optimise overall control in combination with manageable factors, such as soil fertility.

In spite of the relative simplicity of early successional natural systems and agricultural systems, aboveground--belowground interactions have the tendency to produce complex feedback pathways (Altieri [@CR2]). In order to better understand the key factors that drive these aboveground--belowground interactions, their thresholds and possible non-linear effects (Van Ruijven et al. [@CR126]), an aboveground--belowground modelling approach applied in conjunction with empirical studies can contribute to a better understanding of these patterns and processes; for example, how to maximise crop productivity for food and biofuel production while avoiding excessive pest and pathogen outbreaks on these aggregated palatable and high quality resources.

Comparing aboveground and belowground plant--enemy interactions, primary productivity, nutrient cycling and the ability to survive adverse abiotic conditions of early successional wild plant species with crop plants could lead to new avenues for sustainable control of pests and diseases in crops and for reducing nutrient loss. Conceptual and predictive aboveground--belowground models may help to formulate and test realistic hypotheses for empirical studies. For example, aboveground--belowground modelling could be helpful in clarifying how increasing site fertility in terms of nutrient availability reduces the benefits of arbuscular mycorrhizal fungi for plant nutrition, aboveground and belowground pest and disease suppression, and crop productivity. This is crucial knowledge for future agriculture. Until recently, the lack of symbiotic mutualists in crop fields could be easily compensated for by fertilisers and pesticides. In the future, environmental concerns including climate change will lead to changes in soil use and developing marginal soils for growing of biofuel crops. Breeding for lower input farming may very well depend on mutualists for enhanced growth, drought resistance, increased nutrient uptake and pest control.

Biological plant invasions {#Sec7}
--------------------------

Much of the theory on biological invasions has been developed and tested in an aboveground context. As with succession, there is a growing recognition that belowground interactions may contribute to the success of invasive species. Klironomos ([@CR72]) showed that rare native plants in general have more negative soil feedbacks than both abundant native species and exotic species. Similarly, a number of studies have shown that invaders are either less sensitive to soil biota than native species, or else exhibit more positive soil feedbacks (e.g. Reinhart et al. [@CR102]; Callaway et al. [@CR33]; Jordan et al. [@CR69]). However, only a few studies have examined whether introduced species experience escape from belowground enemies as compared to their native range (Reinhart et al. [@CR102]), although there is a plethora of papers on escape from aboveground enemies (reviewed in Liu and Stiling [@CR79]).

To date, only a very few reports have considered both aboveground and belowground damage simultaneously on introduced species (MacKay and Kotanen [@CR82]). Agrawal et al*.* ([@CR1]) did not find a systematic relationship between escape from aboveground versus belowground enemies by introduced species, and that often escape from one guild of herbivores is negated by attack from the other. Invasive exotic plant species also change the status of the soil detritus and the decomposition (Kourtev et al. [@CR75]), but the directions and magnitudes of reported changes vary, depending on quality of the litter input, plant species and vegetation type (Belnap and Phillips [@CR13]; Chen et al. [@CR36]). Belowground, decomposition can also be influenced through effects of exotic plants on microclimate and soil organic matter (Mack and D'Antonio [@CR81]).

Establishing whether impacts of aboveground or belowground interactions have positive or negative effects on introduced species may not be sufficient for determining invasiveness; the magnitude of these effects must be compared between native and introduced species in order to more fully understand the net impact of particular interactions (Levine et al. [@CR78]). In a spatial process-based model, Eppinga et al. ([@CR48]) showed that invasive plants may accumulate local soil pathogens that have stronger negative effects on natives than on exotic plant species; thus, despite having negative effects on invaders, the net impact of soil pathogens favours invaders because they are even more harmful to natives. Similar impacts have been shown in barley yellow dwarf virus, which infects both native and introduced grasses, but decreases the performance of native plants much more than that of invaders (Malmstrom et al. [@CR84]). Eppstein and Molofsky ([@CR49]) demonstrated that, when native plants undergo a strong negative feedback while introduced plants experience a strong positive feedback, four outcomes are possible: extirpation, invasion, conditional invasion or coexistence.

When conceptual or predictive models include both aboveground and belowground interactions and abiotic conditions, they may identify mechanisms of invasiveness. However, there are no aboveground--belowground models yet available to examine invasiveness. Even conceptual models put forward to explain invasiveness have often not been considered from both aboveground and belowground perspectives. For example, the evolution of increased competitive ability (EICA; Blossey and Nötzold [@CR21]) to our knowledge has not been tested on belowground plant--enemy interactions, let alone from a combined aboveground--belowground perspective.

Similarly, while many recent studies have examined effects of invasive plants on litter quality and therefore on microbial activity and biomass, and N mineralisation (e.g. Kourtev et al. [@CR75]), few have included the effects of these changes on aboveground interactions. For example, exotic grasses in a California grassland double the gross nitrification rate through altered microbial communities (Hawkes et al. [@CR59]), and nitrogen fixation by the forest invader *Myrica faya* in Hawaii (Vitousek et al. [@CR128]) also increases nitrification. Such changes in plant nutrition have important consequences for aboveground interactions between plants, herbivores and their predators (e.g. Blumenthal [@CR22]; Coley et al. [@CR38]), however, studies that link impacts of invaders belowground to aboveground food webs are rare.

Another important plant trait that affects both aboveground and belowground processes is the novel chemistry of exotic plants (Cappuccino and Arnason [@CR34]); phytochemicals can have strong effects on other plants (Callaway and Ridenour [@CR31]) and also on arbuscular mycorrhizal fungi (Stinson et al. [@CR115]; Lankau and Strauss [@CR77]), in addition to their well-known effects on insects and pathogens. Novel chemistry may have strong decoupling impacts on the herbivores, pathogens and symbionts contributing to enhanced release and reduced resistance from natural enemies that are native in the invaded range. However, novel chemistry may also reduce functioning of the decomposer organisms or mycorrhizal fungi in the invaded range, which would negatively influence decomposition and the supply of nutrients for plant growth. There is an urgent need to examine these issues more in conjunction. For example, process- or individual-based models could be applied to identify threshold values where novel chemistry would reduce enemy exposure and still enable the benefits from symbionts and litter decomposition.

Invasive species that strongly depend on mutualists, both aboveground and belowground, may have disadvantages in invading new ranges. In addition, the differential dispersal modes and speeds of aboveground species and their belowground mutualists may also affect invasion rates. In Argentina, invasion of the surrounding habitat by *Pinus radiata* from established plantations is limited in large part by the dispersal of belowground mycorrhizal mutualists, which do not extend as far from plantations into the habitat as does seed rain by the trees. Mutualisms also occur aboveground (e.g. pollination), and may be limiting to invaders (Parker and Haubensak [@CR96]). One of the standing views, however, is that mutualists are relatively non-specific (Richardson et al. [@CR104]) and that invasive species are easily capable of acquiring new symbiotic associations in their new range, or are relatively insensitive to their lack (Jordan et al. [@CR69]). The experimental confirmation of these views on symbiotic mutualists and exotic plant species is still in progress. For example, roughly half the studies on arbuscular mycorrhizal fungi in invasive exotic plants suggest a benefit to the invader, whereas the other half suggest no enhanced benefit. There is much scope for a combined modelling--empirical approach, which should enable a deliberate choice in the focus of the experiments on the crucial interactions and components, e.g. identified by a sensitivity analysis of the model (Saltelli et al. [@CR109]).

Climate change {#Sec8}
--------------

Species will likely respond to changing regional climates and a global rise in atmospheric CO~2~ concentrations via changes in their physiology, phenology and genetic constitution, and by changes in geographic distribution. Locally, these changes will be expressed in host quality, timing, disruption of existing interactions and the emergence of novel multitrophic level interactions. The resulting differences in growth rates of individuals and populations may be difficult to predict. In this section, we discuss how an aboveground--belowground perspective may inform prediction of the impacts of elevated temperatures, altered precipitation and rising atmospheric CO~2~ concentrations on the productivity and composition of communities, and the cycling of carbon and nutrients.

Current predictions on future consequences of climate warming forecast shifting species ranges (Walther et al. [@CR131]; Parmesan and Yohe [@CR97]) and loss of biodiversity (Thomas et al. [@CR116]). These shifts may not affect ecosystem function. For example, loss of warming-sensitive plants on primary productivity could be compensated for by warming-insensitive plant species (Cross and Harte [@CR41]). However, suggestions that impacts on ecosystem processes under climate change may still be largely predictable from plant physiological responses (Manning et al. [@CR85]) have not paid attention to unequal range shifts. Evidence is accumulating that range shifts may uncouple trophic interactions. Even when hosts and enemies both expand their range, they may lose their original interactions in the new range (Menendez et al. [@CR88]). Impacts of range shifts may affect function if particular plant species can have unique effects on belowground communities (Kowalchuk et al. [@CR76]; Porazinska et al. [@CR100]). Indeed, novel plants may become more dominant because they are less likely to be regulated by negative soil feedbacks (Van Grunsven et al. [@CR125]) or combinations of belowground and aboveground enemies (Engelkes et al. [@CR47]). These interactions will affect aboveground communities through altered host plant quality (Bezemer et al. [@CR16]), or altered aboveground multitrophic interactions. However, although the composition of soil communities affect plant assemblage composition (Bradford et al. [@CR26]; De Deyn et al. [@CR45]), there may be little apparent effect on ecosystem processes (Bradford et al. [@CR26]).

It is not well understood whether the current balance of aboveground and belowground processes is likely to be maintained under climate change. For example, heterotrophic activity is generally more temperature-sensitive than photosynthesis, and while the latter is known to acclimate to both elevated CO~2~ and temperature (Körner [@CR74]), there is debate as to whether soil microbial respiration will acclimate to higher temperatures (Davidson and Janssens [@CR43]) or CO~2~ concentrations (Klironomos et al. [@CR73]). One possible consequence of elevated microbial activity with temperature is enhanced nitrogen mineralisation (Rustad et al. [@CR108]), which may increase primary productivity as well as influence plant quality for herbivores (Bezemer et al. [@CR16]). To predict accurately whether the carbon balance of the terrestrial system will feedback positively on atmospheric CO~2~ concentrations and global temperature rise is a critical need for generating realistic climate change scenarios (IPCC [@CR65]). This will also require consideration of direct effects of climate change on belowground communities and the processes that they drive, as well indirect effects mediated by changes aboveground. Food-web models (Hunt and Wall [@CR63]), and the concepts of top--down and bottom--up regulation (Wardle et al. [@CR134]), can generate testable hypotheses for empirical studies on this topic.

Notably, our understanding of the potential consequences of altered precipitation lags behind that of changing temperature and CO~2~ concentrations, but extreme events (e.g. drought or flooding) are likely to be of greater importance than changes in annual or seasonal averages (Weltzin et al. [@CR136]). Predictive, global change research incorporating an aboveground--belowground framework is in its infancy, yet has much to offer in generating understanding how the structure and function of ecosystems will change. There is a major gap when it comes to testing hypotheses on non-synchronous temporal and spatial responses to climate change between trophic layers of plants, herbivores, carnivores and decomposer organisms and between aboveground and belowground community interactions (Engelkes et al. [@CR47]).

Climate change may enhance photosynthesis and hence primary productivity and the flow of organic C to the soil community, but under N-limited conditions this may alter the composition and substrate quality of the decomposer community, and the concomitant N mineralisation rates in fundamental ways (e.g. Cotrufo and Gorissen [@CR40]). Even if we have a good understanding of response and effect traits or trait groups, threshold effects and other non-linear phenomena (Groffman et al. [@CR53]) may still generate unanticipated changes in the system. For this reason, there is a need for empirical data on how aboveground--belowground interactions will change, and the consequent effects of these changes, under multi-factor and multi-level global change scenarios (Tylianakis et al. [@CR119]).

What might be the most significant questions to address initially concerning aboveground--belowground interactions and global change? The first is to ask how multitrophic, aboveground--belowground interactions respond in the face of differing impacts. For example, elevated CO~2~ is expected to decrease foliar quality but enhance the input of labile carbon compounds to soils (Van Groenigen et al. [@CR124]). These effects will influence plant--herbivore relationships (Bezemer et al. [@CR16]), and cause marked changes in the structure of belowground food webs (Mikola et al. [@CR90]). However, will this differential effect in resource quality in each domain also uncouple interactions aboveground and belowground? Similarly, as climate changes and the relative fitness of co-existing populations shifts, or there are community compositional changes, will novel aboveground--belowground interactions develop and/or will certain species be freed from 'checks and balances' as their competitors or consumers migrate at different rates? In effect, will native species become more or less abundant and will immigrating species remain rare, or become invasive? These questions are largely unanswered. Especially when considering interactive effects of global changes, such as of enhanced CO~2~ levels, warming and nitrogen deposition, predictive models could be helpful to explore complex parameter combinations for aboveground--belowground interactions that cannot easily be dealt with in empirical studies.

Conclusions {#Sec9}
===========

Aboveground--belowground interactions have important consequences for the rate and direction of primary and secondary succession. Whether aboveground or belowground interactions may enhance or reduce the rate of succession depends on abiotic environmental conditions and the traits of the plant species that have been selected under such conditions. Many arable crops and invasive plants originate from early successional communities. Therefore, improved understanding of aboveground--belowground interactions in early succession systems might be employed to improve the sustainability of crop systems and our understanding of causes of invasiveness of exotic plant species. Responses of communities to climate change will also require information on aboveground--belowground interactions in later successional stages. However, empirical approaches to examine all possible interactions are logistically constrained. Based on our review, we propose that conceptual and predictive models should be used to provide guidance to empirical studies and that more intimate collaboration between empiricists and modellers is essential in order to enhance our capacity to predict future changes in ecosystems. Considering aboveground--belowground interactions is not only a matter of enhancing our understanding of the number of interactions involved in a particular process, such as succession or invasion. It also involves consideration of different spatial and temporal scale effects and long-lasting abiotic and biotic legacies that are characteristic of soils. Considering these peculiarities of aboveground--belowground interactions will change our perception of both long-standing and timely issues in ecology.
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